Reproducibility and reusability of the results of data-based modeling studies is essential. Yet, there is -so far -no broadly supported format for the specification of parameter estimation problems in systems biology. Here, we introduce PEtab, which facilitates the specification of parameter estimation problems using Systems Biology Markup Language (SBML) models and a set of tab-separated value files describing the observation model and experimental data as well as parameters to be estimated. We already implemented PEtab support into eight well-established model simulation and parameter estimation toolboxes with hundreds of users in total. We provide an API library for validation and modification of a PEtab problem and currently 20 example parameter estimation problems based on recent studies.
Background
Dynamical modeling is central to systems biology and has provided insights into many complex phenomena. It enables the integration of heterogeneous data, the testing and generation of hypotheses, and the planning of experiments. However, to achieve this, the unknown model parameters need to be inferred from experimental observations.
Various software tools exist for simulating mod-els and inferring parameters (Hoops et al., 2006; Balsa-Canto and Banga, 2011; Egea et al., 2014; Raue et al., 2015; Fröhlich et al., 2017; Choi et al., 2018; Stapor et al., 2018; Mitra et al., 2019; Kaschek et al., 2019) and many of these tools support community standards to facilitate reproducibility, interoperability and reusability. For model specification in particular the Systems Biology Markup Language (SBML) (Hucka et al., 2003) , CellML (Cuellar et al., 2003) and BioNetGen Language (BNGL) (Harris et al., 2016) are used. The Simulation Experiment Description Markup Language (SED-ML) builds on top of such model definitions and allows for describing simulation experiments in a machinereadable way (Waltemath et al., 2011) . Similarly, SBtab (Lubitz et al., 2016) and SBRML (Dada et al., 2010) are designed to associate models and datasets. However, parameter estimation is so far not in the scope of any of the available formats, preventing a straightforward switching between tools with different functionalities.
Based on our experience with parameter estimation and tool development for systems biology, we developed PEtab, a tabular format for specifying parameter estimation problems. This includes the specification of biological models, observation and error models, experimental data, as well as parameters in an unambiguous way. Our aim was to establish a modular, machine-and human-readable and -writable format, that makes use of existing standards. To achieve this, the biological model is defined in the well-established SBML format. The additional information required for parameter estimation is specified in individual tab-separated value (TSV) files.
Overview of PEtab
PEtab defines parameter estimation problems using a set of files that are outlined in Figure 1 and described in the following.
Model (SBML):
The model of the biological process is specified using the established and well-supported SBML format (Hucka et al., 2003) . Any existing SBML model can be used without modification.
Experimental conditions (TSV):
The experimental data for a biological process are often collected under different perturbations, such as drug stimuli or genetic backgrounds. These experimental conditions are defined by specifying which model property is altered for a given condition.
Observables (TSV):
The observable file links model properties such as state variables and parameter values to measurement data via observation functions and noise models.
Measurements (TSV): Experimental data are specified and linked to the experimental conditions and the observables via the respective identifiers. Optionally, simulation conditions for preequilibration (simulating the model up to steady state prior to simulation) can be defined. Parameters of the observation process relevant for a given measurement, such as offsets or scaling parameters, can be provided along with the measured values.
Parameters (TSV):
The parameter table allows definition of lower and upper bounds as well as transformations (e.g. linear or logarithmic) to be used in parameter estimation. Furthermore, prior information on the parameters can be specified to inform starting points for parameter estimation, or to perform Bayesian inference.
Visualization (TSV): An optional visualization table allows specification of how to combine subsets of data and simulations together for plotting.
PEtab problem file (YAML): All of the abovementioned PEtab files can be linked together. This allows combination of, e.g. multiple models or measurement files into a single parameter estimation problem, as well as easy reuse of various files in different parameter estimation problems (e.g. for model selection).
Software support
PEtab comes with detailed documentation and a Python-based library that can be used to read, modify, write, and validate existing PEtab problems. It provides visualization routines to analyze data and parameter estimation results. Furthermore, we set up a test suite with various toy problems and reference values that can be used by tool developers to assess and test PEtab support in their software packages.
PEtab is already supported by the toolboxes COPASI (Hoops et al., 2006) , AMICI (Fröhlich et al., 2017) , pyPESTO (Schälte et al., 2020) , pyABC (Klinger et al., 2018) , Data2Dynamics (Raue et al., 2015) , dMod (Kaschek et al., 2019) , parPE (Schmiester et al., 2019a) and MEIGO (Egea et al., 2014) . The specific status of the PEtab support of the different tools is provided on the PEtab GitHub page. To demonstrate the various features and the broad applicability of PEtab, we provide a growing collection of currently 20 example parameter estimation problems in the PEtab format largely based on a previously published benchmark collection (Hass et al., 2019) .
Specifications of PEtab, the PEtab Python library, as well as links to examples, and all supporting software are available at https://github.com/PEtab-dev/PEtab. A snapshot is available at https://doi.org/10.5281/zenodo.3732958.
Outlook
PEtab complements existing standards for model definition by facilitating the specification of complex estimation problems using tabular text files, defining experimental measurements and linking model entities and measurements via observables and a noise model.
We designed PEtab to cover the most common features needed for parameter estimation. However, different methods tailored to specific problems require different information to estimate unknown parameters. While at the time of writing, PEtab only allows for models defined in the SBML format, the format is general enough to be integrated with other model specification formats like CellML and rule-based formats (Harris et al., 2016) in the future. Recently, new methods have been developed to estimate parameters from qualitative data (Mitra et al., 2018; Mitra and Hlavacek, 2020; Schmiester et al., 2019b) . PEtab could be extended to also allow for these types of measurements.
As PEtab is already supported by software tools with hundreds of users in total, we envisage that it will facilitate reusability, reproducibility and interoperability. PEtab and all original here presented content is available under permissive licences. We expect that a common specification format will prove helpful for users as well as developers of parameter estimation tools and methods in systems biology. We encourage additional toolbox developers to implement support for PEtab. Figure 1 : Overview of PEtab files and the most important features. PEtab consists of a model in the SBML format and several TSV files to specify measurements and link them to the model. A visualization file can be provided optionally. A YAML file can be used to group the aforementioned files.
